Differences in the rate and extent of degradation of ribonucleic acid (RNA) labeled by a 30-sec pulse in aerobically or anaerobically grown Rhodopseudomonas spheroides have been studied by using rifampin to block RNA synthesis. In anaerobic cultures, unstable RNA is degraded with a half-life of 1.25 to 2.0 min, and about 40% of the pulse-labeled RNA is stable. In aerobic cultures, the half-life of unstable RNA is increased to 2.5 to 4.0 min, and 50% of the RNA is stable. When aerobic cultures are transferred to anaerobic conditions, there is a rapid drop in half-life and in the proportion of stable RNA. When anaerobic cultures are made aerobic, the reverse changes occur after a lag of about 30 min. Addition of puromycin to either aerobic or anaerobic cultures caused the pulse-labeled RNA to be degraded at the same rate and to the same extent as the RNA in an anaerobic control culture. In contrast, addition of chloramphenicol enhanced the difference in RNA half-life and increased the proportion of stable RNA by about 10% in each case. It is concluded that there is a difference in the stability of an RNA component under aerobic and anaerobic conditions.
Differences in the rate and extent of degradation of ribonucleic acid (RNA) labeled by a 30-sec pulse in aerobically or anaerobically grown Rhodopseudomonas spheroides have been studied by using rifampin to block RNA synthesis. In anaerobic cultures, unstable RNA is degraded with a half-life of 1.25 to 2.0 min, and about 40% of the pulse-labeled RNA is stable. In aerobic cultures, the half-life of unstable RNA is increased to 2.5 to 4.0 min, and 50% of the RNA is stable. When aerobic cultures are transferred to anaerobic conditions, there is a rapid drop in half-life and in the proportion of stable RNA. When anaerobic cultures are made aerobic, the reverse changes occur after a lag of about 30 min. Addition of puromycin to either aerobic or anaerobic cultures caused the pulse-labeled RNA to be degraded at the same rate and to the same extent as the RNA in an anaerobic control culture. In contrast, addition of chloramphenicol enhanced the difference in RNA half-life and increased the proportion of stable RNA by about 10% in each case. It is concluded that there is a difference in the stability of an RNA component under aerobic and anaerobic conditions.
The bacterium Rhodopseudomonas spheroides can satisfy its requirement for energy in two different ways, depending on the atmospheric milieu. Under aerobic conditions, organic compounds serve as substrates for oxidative phosphorylation, whereas, under conditions of low oxygen potential, in the light, they serve as hydrogen donors for photosynthesis. The macromolecular correlates of these two different states, as well as in the transition between them, have been studied by several investigators. By comparing the base composition of nucleic acids from aerobic and anaerobic cultures, it was shown that the deoxyribonucleic acid (DNA), total ribonucleic acid (RNA), ribosomal RNA (rRNA) and pulse-labeled RNA were the same in each case (9) . The unusual occurrence of no stable species of 23S rRNA in these organisms likewise is observed under both conditions of growth (12, 13) . Studies of RNA present during the transition between states have been reported only for the change from aerobiosis to anaerobiosis. The nucleotide composition of both total and rapidly labeled RNA remained unchanged from steady-state values during the adaptive period (5) , and the cellular levels of DNA, RNA, and protein remained constant (8) . The only possible difference noted was a 0.3 to 0.4% increase in the amount of rapidly labeled RNA able to hydridize with DNA during the transition from aerobic to anaerobic conditions. The original value was again obtained upon resumption of growth in some experiments (8) .
In the studies cited above, rapidly labeled RNA was defined as that proportion of the RNA incorporating a radioactive precursor during a 5-min period. Since the half-life of messenger RNA (mRNA) in other bacteria is considerably below this figure (10, 17) , differences in this class of RNA may have been obscured. A study was therefore undertaken to examine unstable RNA activity during aerobic and anaerobic growth and during the transition between them.
MATERIALS AND METHODS
Organism and growth conditions. R. spheroides NCIB 8253 was the organism used in these studies.
The defined medium and level of illumination were described previously (7) .
Aerobic growth was obtained by either bubbling a mixture of 95% air, 5% CO2 into a culture or vigorously shaking a small volume of culture in a flask on WITKIN AND GIBSON a reciprocal shaker. Identical results were obtained in either case. Semianaerobic conditions were maintained by filling a flask completely with culture medium; true anaerobiosis was achieved by bubbling a mixture of 95% N2, 5% CO2 into a culture. The doubling time was 4.5 hr under aerobic dark, semianaerobic light, or anaerobic light conditions. No bacteriochlorophyll was detected in aerobically growing cells, whereas identical levels were observed in anaerobic and semianaerobic cultures, as described elsewhere (18) . In the aerobic to anaerobic transition, the cultures were gassed with a mixture of 94% N2, 6% air (11) for 60 sec, after which time the culture vials were sealed. Growth was measured by following absorbance at 680 nm.
RNA synthesis and degradation. To aerobic or anaerobic cultures in exponential growth was added 5 MCi of 3H-uracil per ml (19.7 Ci/mmole), followed in 30 sec by 20 gg each of rifampin and uracil per ml. Samples were removed at timed intervals directly on to Whatman 3MM pads, placed in ice-cold 5% trichloroacetic acid containing 0.01% uracil, and left at 0 C overnight. The pads were then washed five times with 5% trichloroacetic acid and three times each with 95% ethanol and ether, dried, and counted by using a toluene-based scintillation fluid.
The incorporation of 14C-phenylalanine into protein was also measured by this procedure.
DNA synthesis. 2H-uracil (1.25 MCi/ml, 19.7 Ci/mmole) was added to aerobic and semianaerobic cultures in exponential growth followed in 30 sec by 20 Mg of rifampin per ml. Samples were removed at timed intervals into an equal volume of ice-cold 10% trichloroacetic acid containing 0.01% uracil and left for at least 1 hr at 0 C. The acid-insoluble material was collected by centrifugation, suspended in 1 ml of 0.3 N KOH, and incubated for 18 hr at 37 C. The samples were then chilled, collected on filters presoaked in 5% trichloroacetic acid and 0.01% uracil, and washed extensively with ice-cold 5% trichloroacetic acid followed by 95% ethanol. After air-drying, samples were counted by using a toluene-based scintillation fluid.
Sources of materials. Rifampin B, puromycin, and chloramphenicol were from Calbiochem. Uracil-5-VH (19.7 Ci/mmole) was obtained from SchwarzMann; ring-labeled 14C-DL-phenylalanine (2.5 Ci/mole) was from New England Nuclear Corp. RESULTS Measurement of RNA turnover. Experiments designed to measure the turnover of rapidly labeled RNA were performed. The breakdown of unstable' RNA could not be determined merely by a chase of unlabeled uracil, indicating that, as in other bacterial species (15) , preferential reutilization of RNA breakdown products occur. The reincorporation of precursors into RNA could not be blocked by actinomycin D, presumably because of permeability barriers. However, the loss of radioactivity from unstable RNA could be followed after the addition of rifampin. In the presence of this antibiotic, there was a 90-sec lag followed by an exponential loss of radioactivity until a plateau level was reached. The degree of inhibition of RNA synthesis by rifampin is identical under all growth conditions (S. S. Witkin, unpublished results).
Steady-state cultures. The results presented in Fig. 1 indicate that there are differences in the unstable RNA fraction in aerobic and anaerobic cells. About 63% of the RNA synthesized in 30 sec in an anaerobic culture was unstable, whereas in an aerobic culture this fraction was only 55% of the total (Fig.  1A) . By subtracting the radioactivity in stable RNA from the total radioactivity at early time periods, the rate of decay of unstable RNA was determined (Fig. 1B) . Half-lives of this fraction from anaerobic and aerobic cultures were 2 min and 4 min, respectively. No differences in unstable RNA metabolism were found between semianaerobically and anaerobically growing cells. The differences in the half-lives were independently confirmed by measuring phenylalanine incorporation into protein following rifampin addition (reference 4 and Fig.  2 ). The data plotted according to Fan, Higa, and Levinthal (4) yield half-lives of 1.3 min and 2.2 min for anaerobic and aerobic cultures, respectively. Figure 3 shows the results of an experiment designed to measure the incorporation of 3H-uracil into DNA following rifampin treatment. No radioactivity was detected in DNA for at least 5 min after the addition of rifampin. The percentage of the total acid-insoluble counts in DNA rose to 7% at 10 min and 20% by 20 min. More significantly, no differences were seen in the kinetics of incorporation of radioactivity into DNA from-aerobic and anaerobic cells, strongly indicating that the apparent changes in unstable RNA metabolism noted above were not due to variations in uracil incorporation into DNA. beled uracil. The results of all these experiments can be seen in Fig. 4 . Net nucleic acid synthesis continued at an ever decreasing rate for at least 180 min. The 30-sec pulses (bar graph) parallel this decrease up to 30 min postgassing. However, at 60 min, while net nucleic acid synthesis was still decreasing, an increased instantaneous rate of RNA synthesis was observed. This suggests an increased turnover of unstable RNA although variations in precursor pool sizes may also be involved. The measurement of RNA decay in the presence of rifampin is shown in Fig. 5 . In the aerobic culture, 50% of pulse-labeled RNA decayed with a half-life of 3.25 min. During the transition, the amount of unstable RNA increased to 65%, whereas the half-life dropped to 1.75 min. Thus, both more rapid turnover and a larger fraction of unstable RNA were observed following transfer to anaerobic conditions. Anaerobic to aerobic transition. R. spheroides was grown semianaerobically in the light to an A660 nm of 0.28, at which time 3H-uracil was added. After 30 min, half the culture was transferred to a large flask and vigorously aerated in the dark. These cultures were used for the determination of net nucleic acid synthesis as in the transition experiment described above. Turnover of RNA was followed in duplicate cultures to which 3H-uracil, followed after 30 sec by rifampin and uracil, was added at various times during the experiment.
The results can be seen in Fig. 6 . Following the change in atmosphere, there was about a 30-min period when no net RNA synthesis could be detected, but thereafter the rate continually increased until it corresponded to the values obtained in the anaerobically growing culture. After a 60-min lag, the growth rate of the two cultures became identical. The instantaneous rate of RNA synthesis, as measured by the incorporation of isotope during a 30-sec pulse decreased for the first 30 min following gassing, but increased to a constant level by 90 min. In Fig. 7 , the effect of rifampin on RNA synthesis and degradation can be seen. Before gassing, and for 30 min afterwards, about 65% of the RNA was unstable and decayed with a half-life of 1.25 min. By 90 min, however, only 55% of the RNA synthesized in 30 sec was unstable and its half-life increased to 2.25 min. The two transitions are thus seen to yield complementary results.
Rifampin blocks the initiation of transcription but allows chain elongation to proceed normally (3, 14) . It has been suggested that the kinetics and amount of precursor incorporation into RNA following rifampin addition is indicative of the rate of RNA chain elongation and the number of active RNA polymerase molecules, respectively (16 4 . RNA synthesis during an aerobic to anaer-soluble radioactivity. The unlabeled culture was diobic transition. A dark aerobic culture of R. sphe-vided and gassed as above except that at various roides in exponential growth was divided into two times a sample was removed for determination of equal parts, and 8H-uracil (2.5 ,iCi/ml, 2.5 gg/ml) the instantaneous rate of RNA synthesis. 3H-uracil was added to one. At 85 min, this culture was again (10 IACi/ml, 19.7 Ci/mmole) was added to this divided equally. One part was gassed with 94% N2-sample; after 30 sec a sample was removed and its 6% air, and incubated in the light (0), whereas the radioactivity was determined (bars). The amount of other was left aerobic (0). Samples (0.1 ml were incorporation in 30 sec is normalized to a 1.0 A680m removed at intervals for determination of acid-in-culture. 6 . RNA synthesis during an anaerobic to aerobic transition. A light-grown semianaerobic culture of R. spheroides in exponential growth was divided into two equal parts. 3H-uracil (0.3 ,uCi/ml, 0.25 ug/ml) was added to one, and 0.1-ml samples were removed for determination of acid-insoluble radioactivity (0). After 30 min, half of this culture was vigorously aerated in the dark, and samples were removed and treated likewise (0). The unlabeled culture was divided as above, samples were removed at intervals for incubation with 3H-uracil (5 MCi/ml, 19.7 Ci/mmole), and the amount of isotope incorporated in 30 sec (normalized to a 1.0 A680 nm culture) was determined (bars). experiments were performed by using inhibitors of protein synthesis. Cultures were labeled with 3H-uracil followed after 30 sec by addition of rifampin and, after a further 90 sec, the antibiotic. The results are summarized in Fig.  8 . Puromycin, an antibiotic which causes premature peptide chain termination along with a dissociation of the ribosome-mRNA-transfer RNA complex (1), caused RNA from both aerobic and anaerobic cells to decay at identical rates and to the same extent as an anaerobic control culture. Chloramphenicol, which blocks protein synthesis while stabilizing the ribosome-mRNA complex (4, 6) (Fig. 5a ) which increases along with an increase in the extent of degradation, for at least 60 min (Fig. 5b) . In an anaerobic to aerobic transition, no increased RNA stability is noticed for 30 min, but, by 90 min, both the extent and rate of breakdown are reduced (Fig.  7) . These alterations in stability are not reflected in total RNA synthesis (Fig. 4 and 6 ) since only a small fraction of the cellular RNA is involved. Differences in the rate of RNA synthesis during the transitions may reflect changes, at least in part, in precursor permeability (9) or pool size, although preliminary experiments indicate no variation in the intracellular concentration of uridine triphosphate and cytidine triphosphate between aerobically and anaerobically grown cells. However, this is tangential to the observations reported here. Even if the rate of RNA synthesis were equivalent under either growth condition, the interpretation of the data on RNA degradation remains valid.
The species of RNA labeled by a 2-min incorporation of isotope (30-sec pulse followed by a 90-sec period when nascent RNA chains are completed in the presence of rifampin) include mRNA, rRNA precursors, and transfer RNA. Experiments to be reported elsewhere indicate that rRNA maturation continues normally in both aerobic and anaerobic cultures in the presence of rifampin to yield molecules of identical size as judged by polyacrylamide gel electrophoresis. It has also been demonstrated that no qualitative differences exist between the pulse-labeled RNA species from cultures growing under the two different conditions (18) . What then could account for the observations reported here? Although no conclusive evidence in support of any hypothesis is as yet available, ribosome involvement appears likely. The experiment with puromycin indicates that it is indeed the ribosome which allows enhanced stability of RNA. There it is apparent that unstable RNA decays at the same rate, regardless of the degree of aerobiosis, by virture of being dissociated from the protein-synthesizing complex. The observation that the proportion of stable RNA in both cases also reached the level usually found in anaerobic cells indicates that a fraction of stable RNA in the complex also is degraded following dissociation. The results with chloramphenicol are also consistent with ribosome involvement in stabilization. The addition of this antibiotic, which causes a tight binding of messenger and ribosome (4), resulted in a much greater protection of unstable RNA from degradation in aerobic than in anaerobic cells. It is reasonable to assume that mRNA-ribosome binding is different under the two growth conditions. The observation that in the aerobic to anaerobic transition a decreased half-life and loss of additional RNA is rapid whereas in the reverse situation increased stability is not apparent until at least 30 min suggests that, in the former case, breakdown of an air-sensitive component is immediate, whereas, in the latter transition, it would take time to build up a ribosome population possessing this added component.
It has recently been demonstrated that prolonged incubation of Escherichia coli with rifampin caused alterations in the ribosomes (2).
The rRNA remained intact but 10 to 20% of
